In quantum mechanics, continuously measuring an observable steers the system into one eigenstate of that observable. This property has interesting and useful consequences when the observable is a joint property of two remotely separated qubits. In particular, if the measurement of the two-qubit joint observable is performed in a way that is blind to single-qubit information, quantum backaction generates correlation of the discord type even if the measurement is weak and inefficient. We demonstrate the ability to generate these quantum correlations in a circuit-QED setup by performing a weak joint readout of two remote, non-interacting, superconducting transmon qubits using the two non-degenerate modes of a Josephson Parametric Converter (JPC). Single-qubit information is erased from the output in the limit of large gain and with properly tailored cavity drive pulses. Our results of the measurement of discord are in quantitative agreement with theoretical predictions, and demonstrate the utility of the JPC as a which-qubit information eraser.
In quantum mechanics, continuously measuring an observable steers the system into one eigenstate of that observable. This property has interesting and useful consequences when the observable is a joint property of two remotely separated qubits. In particular, if the measurement of the two-qubit joint observable is performed in a way that is blind to single-qubit information, quantum backaction generates correlation of the discord type even if the measurement is weak and inefficient. We demonstrate the ability to generate these quantum correlations in a circuit-QED setup by performing a weak joint readout of two remote, non-interacting, superconducting transmon qubits using the two non-degenerate modes of a Josephson Parametric Converter (JPC). Single-qubit information is erased from the output in the limit of large gain and with properly tailored cavity drive pulses. Our results of the measurement of discord are in quantitative agreement with theoretical predictions, and demonstrate the utility of the JPC as a which-qubit information eraser.
I. INTRODUCTION
Quantum measurement is traditionally treated in the instantaneously projective limit where the observation fully collapses the system into one of the eigenstates of the associated observable. Recent theoretical developments as well as experiments with well controlled quantum systems suggest that measurement should be instead understood as a progressive exchange of information between the system and an environment containing a pointer variable, or meter [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Any information gained by the meter steers the system towards one of the eigenstates of the measurement observable. The dynamics of the latter process have been observed experimentally in the field of cavity-QED [2, 4, 5] and circuit-QED [6] [7] [8] [9] [10] Our understanding of this back-action can naturally be extended to a two qubit measurement where, for example, a joint measurement can project a two-qubit system into an entangled state [11, 12, 15] . Thus, the back-action of such a joint measurement is an extremely powerful tool since it may generate non-trivial two-qubit correlations even between qubits that are remote and and have no possibility to directly interact. One observable capable of generating quantum correlations between two qubits is IZ + ZI (where Z and I refer to the Pauli σ z and identity operators respectively, and the lexicographic position indexes to the corresponding subsystem). The apparatus performing this measurement learns the total number of excitations in the two-qubit system while being blind to information specific to either one of the two qubits. When this observable is measured on two qubits that are initialized in |++ (where |± is the eigenstate of the operator X with the eigenvalues ±1), the measurement erases single-qubit phase information and generates non-trivial two-qubit phase correlations. However, observing this back-action is difficult in practice as the correlations are reduced by noise arising from coupling between each qubit and its local environment. Such noise in the joint measurement process tends to reduce two-qubit correlations below the threshold for provable entanglement.
Nevertheless, the back-action of a joint measurement can manifest in other uniquely quantum signatures due to the properties of quantum mechanics. A surprising characteristic of quantum measurement is that a measurement which has any blindness whatsoever to local properties can result in a back-action which cannot be reproduced by local measurements alone. Even with a large amount of local noise, the process of measuring IZ + ZI is physically distinct from measuring ZI and IZ and classically adding their measurement outcomes. Another unique property of quantum systems is that when two systems are placed in certain joint states, even separable ones, one cannot find a local measurement which leaves all correlations undisturbed. For instance, there exists no local measurement acting solely on Alice or Bob that would not alter the separable state ρ = 1 4 (|ge ge| + |eg eg| + |−+ −+| + |+− +−|), where |g (|e ) is the eigenstate of Z with eigenvalue 1 (−1). Any local measurement would yield outcomes both statistically uncertain due to the mixture, and quantum mechanically uncertain due to the non-existence of a measurement which is parallel to all states in this particular mixture. A result of these two properties is that if one measures ZI + IZ on |++ , the back-action can produce nonzero components ZZ and YY , a physically distinct result from measuring ZI and IZ and classically adding the outcomes. Furthermore, such a state can be quantum uncertain to every possible local observable even if it is not entangled, and thus possesses quantum correlations.
The purely quantum portion of the correlations between two qubits is typically characterized by "quantum discord" [17, 18] , a quantity defined as the non-classical component of the mutual information. The total mutual information is defined as I(ρ) = S(ρ A ) + S(ρ B ) − S(ρ), where S(ρ) = −Tr (ρ log 2 ρ) is the Von Neumann entropy, and where A and B refer to the "Alice" and "Bob" subsystems. The classical portion of the mutual information arXiv:1803.01275v2 [quant-ph] 15 May 2018
is the Von Neumann entropy of B after a local measurement with projectors Π A i acting on A, minimized over all possible projective measurements on A. Together, from J A and I, we define the discord relative to A as D A (ρ) = I(ρ) − J A (ρ). Note that we can also define a discord relative to B by exchanging the roles of A and B.
While states without discord occupy a volume of measure zero in the space of all possible mixed two-qubit states, such states are strongly favored in nature. This is due to the tendency of the environment to be coupled to local observables only. Environmental monitoring results in projection into eigenstates of local operators to which the environment is coupled, a process sometimes called Einselection [19] . Einselection works not only to suppress entanglement, but also to suppress discord. On the other hand, applying a non-local joint measurement to a nondiscordant state can produce discord. More discord of the final state implies a stronger dominance of non-local joint measurement relative to environmental monitoring of local properties or imperfections in our engineered non-local joint measurement. Discord is thus the proper quantity to characterize the effect of non-local joint measurement that produces non-classical mutual information, but not a provably entangled state. While in principle discord can be created between two remote systems by local operations suplemented by classical communications, it is of value when such classical means of communication are not available or impractical.
In our experiment, we utilize the circuit-QED architecture [20, 21] to implement a non-local joint measurement on two non-communicating systems and characterize the generated two-qubit correlations. As shown in Fig. 1a , Alice and Bob are two non-communicating qubit-cavity systems connected to the signal and idler ports of a Josephson Parametric Converter (JPC) [22] [23] [24] [25] , which serves as a ZI + IZ measurement apparatus while being blind to single-qubit information. This measurement is achieved by the following process: When both qubit-cavity systems are driven simultaneously with tailored pulses of coherent microwave light, the states of the qubits are entangled with these pulses, and the latter are then added and amplified by the JPC. With proper choice of pulse envelopes and drive phases on Alice and Bob (see Fig.1c ), the JPC yields identical measurement outcomes for the states |eg and |ge , indicating the presence of a single excitation in the two qubit system, but without revealing which subsystem holds this excitation. The remaining two measurement outcomes associated with pointer states |gg and |ee report the presence of zero or two excitations, and are discarded in discord production. This measurement process is described fully by a Stochastic Master Equation which has been solved analytically [15] . With this Stochastic Master Equation, it is possible to calculate the optimal drive fields and filtering which we utilized in the experiment. Before examining these in detail, we describe our experiment setup.
Bob Alice
Id le r S ig n a l |eg + e iφ |ge , implementing a non-local joint measurement. In this odd Bell manifold, which-qubit information erasure is accomplished through the indistinguishably of the responses associated with |ge and |eg , arising from the cancellation of phase shifts in the JPC. Note that some arrows have been presented curved for clarity.
II. TWO QUBIT EXPERIMENT SETUP
The experiment, anchored to a dilution refrigerator below 20 mK, consists of the two Alice and Bob superconducting transmon qubits (ω A,q /2π = 4.9 GHz and ω B,q = 4.5 GHz), in separate 3D cavities. The cavities are each connected to the signal (A) and idler (B) ports of a JPC through two circulators as shown in Fig. 1a (see Fig. 6 for a detailed schematic). The two-qubit measurement is performed by simultaneously driving Alice's and Bob's cavities at their respective readout frequencies (ω A,c /2π = 7.48 GHz and ω B,c /2π = 9.15 GHz), creating flying coherent states with phases entangled with their respective qubits. The JPC sums and amplifies Alice's and Bob's cavity output fields. This output was further amplified by a cryogenic HEMT amplifier before subsequent room temperature amplification, demodulation, and digitization. Though duplicate copies of this output appear on both ports of the JPC, we elect to monitor the lower frequency signal port (C) since it falls within the bandwidth of the lowest noise temperature HEMT amplifier commercially available.
Proper summation of readout signals requires that the frequencies of the resonators inside the JPC be tuned to match the corresponding readout cavity frequency. This condition is met to better than 200 kHz by tuning the frequency of each cavity with a screw, and tuning the JPC resonator frequencies with an applied magnetic flux. Alice and Bob in our experiment have differing cavity bandwidths κ A /2π = 5.1 MHz, κ B /2π = 3.8 MHz and dispersive shifts χ A /2π = 3.8 MHz, χ B /2π = 1.8 MHz. Differing cavity parameters implies that Alice and Bob will process their drive pulses differently. While seemingly fatal to the indistinguishability of the Alice and Bob signals, these discrepancies were compensated by shaping of temporal modes (see next section).
We operated the JPC as a phase-preserving amplifier by supplying it with a pump drive at the sum of the internal signal and idler resonator frequencies. In the high gain limit and with proper choice of pump phase, the in-phase (I) quadrature and out-of-phase (Q) quadrature components of the output field on port C are related to the corresponding input quadratures by the relation I C = I A + I B and Q C = Q A − Q B . With this relation, two kinds of joint measurements are implemented, depending on the phases of the drives applied to the two cavities.
The first kind, which we term the local joint measurement, is realized by driving the cavities 90 degrees out of phase as shown in Fig. 1b . The JPC sums the two incoming fields to yield four outcome distributions in the IQ plane corresponding to the four product states. Thus, in the projective limit, I C encodes the result of measuring the observable IZ while Q C encodes the result of measuring the observable ZI. This kind of joint measurement was used in our experiment to perform tomography.
On the other hand, a second kind of joint measurement, which we term the non-local joint measurement, is obtained by driving the cavities in phase. As shown in Fig. 1c , the measurement results in overlap of outcome distributions corresponding to |ge and |eg . This yields three measurement outcomes, where the overlapping |ge and |eg outcome distributions no longer betray the location of the associated single excitation. This mode of operation is blind to single-qubit information. In the projective limit, I C encodes the result of the measurement observable IZ + ZI. For I C near the origin, the corresponding eigenstates are the manifold of odd parity Bell states.
The outcome of the non-local joint measurement along the Q C quadrature must also be recorded as it results in a non-trivial back-action. During a measurement, the cavity photon population fluctuates randomly due to photon shot noise, resulting in stochastic phase kicks to the qubit from the AC Stark effect [27] . If continuously monitored, these phase kicks do not harm the purity of the qubits [7] . Crucially, in the two-qubit case, not only should we engineer a measurement which is blind to the origin of single-qubit Z information, but also to the origin of the information about cavity population during the measurement. As shown in Ref. 15 , when outcome I C is recorded near the origin, the outcome Q C determines the value of the global phase φ of |ge + e iφ |eg within the odd-parity manifold which would be the resulting state. Thus, the amplifier output I quadrature tells us which parity the state has, while the amplifier output Q quadrature tells us which phase it has.
III. MAXIMAL ERASURE OF SINGLE-QUBIT INFORMATION: TEMPORAL MODE MATCHING
With differing cavity parameters, identical drive pulses will result in differing temporal envelopes of the readout signals coming from Alice's and Bob's cavities. These differing envelopes will betray the origin of single-qubit information after summation. In the limit of long measurement time, i.e. T m κ −1 , χ −1 , we need only to adjust the relative measurement strengths such that the |ge and |eg outcome distributions in the amplifier output phase space overlap in steady state. However, when T m becomes comparable to the cavity information ring-up and ringdown time, determined by κ −1 and χ −1 , the ring-up and ring-down portions of the pulse have a non-negligible weight. Therefore, the wavepacket processed by the JPC and associated with measurement outcomes |ge and |eg will differ significantly. However, it is possible to compensate for this effect up to a vertical shift in the IQ plane, which corresponds only to a global phase shift to the final state. We engineered drive pulses to ensure that the wavepackets at the output of the JPC associated with |ge and |eg are identical. This type of pulse engineering is called temporal mode matching.
During a dispersive measurement, the outgoing field emitted by the cavity becomes entangled with the qubit. We write the combined state of the outgoing field and the qubit as |{α g (t)} ⊗ |g + |{α e (t)} ⊗ |e , where |{α i (t)} denotes the state of the outgoing field referred to its value as it was traversing the cavity at time t. The curly brackets inside the ket allude to the multiplicity of degrees of freedom of the transmission line in which the outgoing field propagates. These signals are then processed by the JPC resulting in filtered signals α g,e (t) = H(t) α g,e (t) where H(t) is the response function of the JPC and denotes convolution. Here, H(t) is normalized:
Let us now introduce the efficiencies η A and η B of the measurement chains of Alice and Bob, respectively. These parameters affect the amount of singlequbit Z information obtained by the measurement. This information is determined by the difference S i (t) = √ η i κ i α i,g (t) − α i,e (t) , with i = A, B indexing Alice's and Bob's channels, where the noise standard deviation per quadrature is set to be the natural single mode quantum fluctuation σ q = 1/2 [28] . As shown in Appendix A, by matching S i for the Alice and Bob channels for all time by suitable design of cavity drive pulses, the measurement is made insensitive to single-qubit information [15] . We satisfy this temporal mode matching condition by choosing a JPC output wavepacket for the {|ge , |eg } manifold, inverting the response functions of the JPC and cavity, and calculating what cavity drive pulse would yield this desired JPC output wavepacket. The choice of this JPC output wavepacket is in principle arbitrary, though a narrow bandwidth JPC output wavepacket will correspond to narrow bandwidth cavity drive pulses. Such a signal will be more efficiently processed by the JPC, but is in conflict with the relatively short lifetimes of the qubits. We discuss the precise tailoring of the JPC output wavepacket in Appendix A and depict the resulting temporally matched waveforms in Fig. 5 .
IV. EXPERIMENTAL PROTOCOL FOR TWO QUBIT BACK-ACTION CHARACTERIZATION
We now describe the experiment we have performed to characterize the two-qubit correlations generated by the mode matched non-local joint measurement. As shown in Fig. 2a , the Alice and Bob qubits are first reset to the ground state, and then are rotated to the |+ state. Alice's and Bob's cavities are simultaneously driven by properly tailored readout pulses, with an overall amplitude scale factor, thus implementing a variable strength, mode matched non-local joint measurement. The digitized, demodulated output field of the JPC is then integrated with the optimal weighting function α g (t) − α e (t) (where the choice of drive pulses has yielded identical α g − α e for both cavities), resulting in the quantity I m + iQ m which fully characterizes the outcome of the measurement. This weak non-local joint measurement is followed by one of the full set of two-qubit tomography operations, recording, at the level of the ensemble of measurements, the two-qubit state. This set consists of all combinations of I, R π/2 x , and R π/2 y unitaries on both qubits, the sequence ending by a strong simultaneous measurement of both qubits (local joint measurement). From the outcomes of these nine pairs of one qubit measurements, we reconstruct all In Fig. 2b , we show histograms of the non-local joint measurement I m + iQ m as a function of the measurement strength Λ = ∞ −∞ dt |S i (t)| 2 (first column). In the remain-ing columns of the figure, the dependence of the average of three selected two-qubit Pauli operators XX, YY, and ZZ are shown as a function of their corresponding (I m , Q m ) non-local measurement outcome. In this part of the figure, the IQ plane has been tiled into 51 × 51 = 2601 square bins, and the corresponding two-qubit Pauli component have been calculated by averaging only those tomography results whose non-local measurement outcome (I m , Q m ) was contained within the corresponding bin. The protocol was repeated for each measurement strength for a total of 4.5 × 10 6 shots. We refer to these panels as conditional tomograms. The first row features data taken at the measurement strength Λ = 0, corresponding to no non-local measurement taking place. The two qubits are expected to remain in the state |++ (the state the Alice and Bob qubits have been prepared in), implying XX = 1, YY = 0, ZZ = 0. With increasing measurement strength, the measurement process projects the qubits into a state of definite parity along Z, that is ZZ = 0. This behavior is shown by the ZZ conditional tomogram as a function of measurement strength. With increasing measurement strength, outcomes near I m ∼ 0 project the qubits into the {|ge , |eg } manifold, corresponding to ZZ = −1. Similarly, large positive (negative) I m outcomes project the qubits into |gg (|ee ) respectively, corresponding to ZZ = +1. A complementary behavior is observed in the XX and YY conditional tomograms as a function of measurement strength. These show sinusoidal fringes as a function of the Q m outcome. The value of Q m is proportional to the relative phase between |ge and |eg for the the final two-qubit state. The amplitude of these fringes is expected to be sensitive to the inefficiency of the measurement process, which dephases superpositions between |ge and |eg . This effect is shown by the reduction in fringe contrast with increasing measurement strength.
Taking cuts along I m = 0 for XX , XY , YX , and YY and along Q m = 0 for ZZ , and comparing them to theory from Ref. 15 leads to the data shown in Fig. 3 . The theory curves incorporate as parameters the intrinsic dephasing (T 2 of both qubits), the accumulated dephasing and AC-Stark shift due to the non-local measurement, the measurement efficiencies η A,B , as well as the measurement strength (see Appendix B). All these parameters are determined through separate characterization experiments. The excellent agreement between data and theory demonstrates that the theoretical description given in Ref. [15] captures the details of our experiment.
V. QUANTUM DISCORD ANALYSIS
We now proceed to analyze the amount of quantum discord generated by the non-local measurement (see Appendix C) for full details of the procedure). Calculation of quantum discord requires a positive semi-definite density matrix of trace one, which we estimate using a maximum likelihood reconstruction procedure [29] . This procedure uses all tomography results associated with a given (I m , Q m ) bin to construct the most likely density matrix associated with that particular bin. Next, since as predicted by theory, all states in a single I m column are related up to local rotations, we average the reconstructed density matrices along the Q m axis after applying such a rotation. There is however the caveat that the discord of the convex combination of two states may have higher discord than either of the states individually, and thus this averaging procedure could counter-intuitively increase discord. However, we do not expect our procedure to increase discord in such a way, due to reasons described in Appendix 4.
The results of the calculated discord are shown in Fig. 4 . We calculated both discord relative to Alice and relative to Bob. The relatively small difference between discord relative to Alice and discord relative to Bob is attributed to differing measurement efficiencies of channels associated with Alice's and Bob's cavities. Due to the small amount of discord generated by the experiment, we applied a bootstrapping procedure to estimate the error due to sampling and display the corresponding error bands [30] . This procedure reconstructs 2000 bootstrapped density matrices per (I m , Q m ) pixel by sampling tomography results with replacement. As expected, the discord is negligible at weak measurement strengths since the qubits remain in the product state |++ . Similarly at large measurement strengths, the qubits will be dephased into a fully mixed state 1 2 (|ge ge| + |eg eg|), which also has no discord. The lack of discord at these extremes is strong evidence that systematic errors have not inflated the amount of discord present in the system. On the other hand, for moderate measurement strengths, the non-local measurement results in qubit states with finite discord. Discord peaks when the measurement outcomes are near I m ∼ 0 corresponding to states in the {|ge , |eg } manifold. Discord falls off away from I m ∼ 0, as these measurement outcomes herald the even product states, which also have no discord. While no analytical form for discord is known, we can use the theoretical predictions for the final qubit density matrix that we have verified in the previous section, to numerically calculate discord for every I m value. This numerically calculated curve, also shown in Fig. 4 agrees well with the values extracted from the experiment.
VI. OUTLOOK AND CONCLUSIONS
We have successfully generated discord by measuring a joint non-local property of two remote systems. This demonstrates that this joint measurement is truly blind to local properties of these systems. While discordant states could in principle be produced through local operations and classical communication, there is no deliberate communication process between our two qubits taking place, and thus our experiment illustrates a novel protocol in which discord is generated. We believe that with improvement of experimental hardware, our experiment could be used as one of the simplest possible schemes for concurrent continuous variable remote entanglement in circuit- Increasing measurement strength also results in reduced purity in the odd Bell-manifold due to measurement inefficiency. These cuts display good agreement with the theory in [15] . Information on how the parameters were determined is available in Appendix B. Sudden rise in Pauli components in top two plots near negative Q m /σ is due to | f state poisoning.
QED. Due to its ability of bridging the resonant frequency difference between systems, this protocol features excellent isolation between subsystems, making this scheme appealing for a modular quantum architecture [31] . The experimental setup is sufficiently well characterized to demonstrate that the quantum correlations are limited by the inefficiency of the components in the first stage of the measurement. This efficiency improvement might be achieved through use of an amplifier that requires a singleended rather than a differential coupling which would remove the need for the lossy microwave hybrids present in the JPC [32] . Further improvements in efficiency might also be achieved through the use of directional amplification [33, 34] , which would remove the need for lossy microwave circulators.
Beyond the efficiency threshold for entanglement in this experiment lies the prospect of an extremely simple loophole-free Bell test [35] [36] [37] . With a quantum efficiency of η A,B = 97%, it is possible to obtain a Bell test violating state by non-local joint measurement. Since the phase of this Bell state is chosen by vacuum fluctuations, it is provably random. While the non-local measurement generates a continuum of Bell state phases, it would be possible to post-select those applicable to a CHSH test and demonstrate loophole-free Bell violation, as was done in Ref. [35] . We first define the classical trajectory of the Alice cavity (Bob cavity) when the Alice qubit (Bob qubit) is conditioned in |g and |e as α A g (t) and α A e (t) (α B g (t) and α B e (t)). We additionally define H A (t) (H B (t)) to be the JPC transfer function from its signal input port, connected to the Alice cavity (idler input port, connected to the Bob cavity) to the output of the JPC. The flying field leaving the JPC, conditioned on the qubit state for Alice i = |g , |e and for Bob j = |g , |e , will then be Discord (bits) Discord Due to Non-Local Joint Msmt   Fig. 4 . Discord of system after application of a variable strength non-local measurement (×) and 95% confidence interval (band) determined through bootstrap (see Appendix C), displayed with respect to Alice (red) and Bob (blue). Discord is negligible at measurement strength Λ = 0 due to lack of discord in the initial state |++ . Discord is also negligible at high measurement strength Λ = 6 since the corresponding odd mixed state also lacks discord. The curve for Λ = 0.6 is numerically calculated from the expected density matrix for this strength given by the analysis in Ref. 15
A measurement which erases which path information for the odd parity states requires that there be no way to distinguish between measurement outcomes |ge and |eg , and thus we have the condition Σ ge (t) = Σ eg (t), or
The complex trajectories α A g , α A e , α B g , α B e are determined by the drives applied to the respective cavities as well as their couplings and dispersive shifts. In the Fourier domain, we have ω] ) is the Fourier transform of the drive applied to the Alice (Bob) cavity. Here we suppose we are driving the cavities at a frequency half way between the peaks associated with the qubit |g and |e states. Thus temporal mode matching consists of choosing A and B such that equation A1 is satisfied for all time, or in other words f A (t) = f B (t) where the Fourier transforms of f A and f B are given by
We furthermore model the response function of the JPC in the s-domain with the one-pole response functions
where κ JPC is the JPC bandwidth in both reflection and trans-gain, and ∆ A and ∆ B are the detunings between the associated cavity drive frequency and the frequency at which the JPC gain is maximal on the associated input port. Note that for Alice, this is the detuning between the Alice cavity drive frequency and the frequency at which the reflection gain is maximized. For Bob, this is the detuning between the Bob cavity drive frequency and the frequency at which the trans-gain is maximal, before conversion. Combining equations A2 to A4 we find that
Bob's JPC signal f B [ω] directly follows from the same type of equation. By choosing a practical narrow bandwidth function f [ω], we can invert these relations and find, after an inverse Fourier transform, A (t) and B (t).
In the experiment, we chose f [ω] such that its Fourier transform f (t) was
with t slew = 80 ns and t duration = 800 ns. Experimental matched temporal envelopes are shown in the right panel of Fig. 5 , with their associated drive pulses depicted in the left panel.
Drive envelopes were synthesized using measured dispersive shifts and coupling rates of both Alice and Bob. Amplifier bandwidth κ JPC and shift from input frequency ∆ A,B were measured using a VNA. This resulted in a pulse taking up a total of 1.4 µs in our sequence accounting for ring-up and ring-down. This pulse is estimated to contribute 4% to the measured quantum efficiency, as the bandwidth of the signal leaving each cavity (full width at half max) is calculated to be 1 MHz, well within the JPC's bandwidth. We find a 2.3% mean-squared error in the temporal mode matching as defined by
(A7)
Appendix B: Conditional Density Matrix Parameters and Model
We compare our experiment in Fig. 3 to the model from [15] .
We have the parameters C T 2 ,Alice , C T 2 ,Bob C Tomo , η A , η B , ξ A , and ξ B , which were all measured through six independent experiments, as listed below.
• C T 2 ,Alice and C T 2 ,Bob model the single qubit infidelity due to decoherence and state preparation errors. We extract these from the Λ = 0 case of Fig. 2 in the main paper, unconditioned by the weak measurement. Table I . Parameters used for theory plots in Fig. 3 and Fig. 4 in the main paper
• C Tomo models the errors arising from imperfect measurements during tomography, and is extracted by performing tomography on all four product states.
• η A and η B model the quantum efficiency of the total path from the respective cavities to the room temperature measurement systems. These are extracted by the back-action characterization protocol described in [7] .
• ξ A and ξ B model the AC stark shift accrued over our weak measurement for the measurement strength Λ = 1. These are extracted from measurements of the Ramsey fringe shift in the presence of a weak measurement pulse. [38] We note that due to mismatched bandwidths and dispersive shifts, we do not expect our outcome distributions to have zero mean in the Q m axis, as assumed in [15] . This results in a measurement strength dependent phase shift of the fringes in the IQ plane, in addition to the AC-Stark shift, which we account for by adding the termQ m for the expression for Θ − . The theory curves in Fig. 2 and Fig. 3 in the main paper are calculated with the values given in table I.
Appendix C: Calculation of Discord
We present here a procedure for estimating the quantum discord present in our experiment. We begin by applying maximum likelihood density matrix reconstruction [29] to obtain the density matrix most likely to describe the experimental data. Crucially, this procedure must be applied for every I m and Q m bin, as every measurement result corresponds to a unique density matrix ρ(I m , Q m ). Additionally, since the expected Pauli components given a certain I m and Q m also depend on Λ, this procedure must also be repeated for every measurement strength.
We predict that the discord associated with all values of Q m are identical, since all density matrices associated with identical I m should be related up to local rotations. We could calculate the discord associated with each I m and Q m bin, but due to the nonlinearity and positivity of the discord measure, any noise is likely to misrepresent our discord as higher than it is. We would therefore like to average together all density matrices for a certain I m after applying local rotations which maximize the purity of an average over Q m values. One strategy is using the arguments of the Q m dependent oscillating terms in the theory to figure out the rotation based on a-priori experiments. This should work in principle, but any systematic error in determining the frequency of these fringes relative to Q m will reduce the purity of the marginalized density matrix. We instead apply a numerical optimization to try and find the correct single qubit rotations. We define a real vector Ξ = (Ξ A , Ξ B ), which links the Q m measurement outcome to the stochastic phase shift on Alice and Bob, and a corresponding rotated density matrix
where the unitary rotation operator
We then calculate the marginalized density matrix averaged over all Q m as
These marginalized density matrices are used to calculate the average purity for this measurement strength
This gives a single optimal set of parameters Ξ Opt = argmax Ξ γ Ξ for this measurement strength. We note that the Ξ which maximizes the purity γ Ξ is equivalent to choosing the Ξ which maximizes the P(Q m ) weighted sum of the overlaps, Tr[ρ Ξ (I m , Q m )ρ Ξ (I m , Q m )], between all states in the average, corresponding to Eq. C4. We finally use this Ξ Opt to calculate the maximally pure marginalized density matrix ρ M Ξ Opt (I m ). While the frequency of these fringes can be calculated from the measurement strength Λ, this optimization procedure ensures any systematic error in measuring Λ does not poison the fidelity of the marginalized state. We find that the Ξs we extract from the marginalization procedure match our model to within 5%.
This marginalization procedure could be considered a form of classical communication, and could thus increase the calculated value of discord. However, as the procedure maximizes the overlap of the states over which we average, we do not expect ρ M Ξ Opt (I m ) to over-represent the amount of discord present in the experiment. Indeed we find that the discord produced by our marginalization procedure is generally lower than that produced by only averaging, over Q m , the discord of the states characterized by the same I m bin coordinate.
To understand the degree to which this marginalization procedure reduces the average purity of the ensemble, we compare γ Ξ Opt to the average purity defined as The relative reduction in purity due to this marginalization procedure is
At zero measurement strength, r was calculated to be less than 2%, since no rotation is necessary. For the highest measurement strength sampled for which fringes still exist, Λ = 1.3, we calculate r = 6%, which we judge to be acceptable given the increased SNR on the values of discord. We report the discord of ρ M Ξ Opt (I m ) in Fig. 4 . As discord is a relatively small effect, we wish to be certain the value we extract is a conservative estimate. To obtain confidence intervals which classify the sampling error, we utilize the bootstrap sampling procedure. We generated N = 2000 bootstrap datasets, each of which were subjected to all previous data processing steps, yielding a distribution of discords (relative to Alice and relative to Bob) associated with each measurement strength and I m . We expect this distribution to faithfully represent the sampling error, and thus report the upper and lower 95th percentile of this distribution as the confidence intervals associated with measured discord.
